The study aimed to develop a computational method for assessing relative changes in compartmental compliances within the brain: the arterial bed and the cerebrospinal space. The method utilizes the relationship between pulsatile components in the arterial blood volume, arterial blood pressure (ABP) and intracranial pressure (ICP). It was verified by using clinical recordings of intracranial pressure plateau waves, when massive vasodilatation accompanying plateau waves produces changes in brain compliances of the arterial bed (C a ) and compliance of the cerebrospinal space (C i ). Ten patients admitted after head injury with a median Glasgow Coma Score of 6 were studied retrospectively. ABP was directly monitored from the radial artery. Changes in the cerebral arterial blood volume were assessed using Transcranial Doppler (TCD) ultrasonography by digital integration of inflow blood velocity. During plateau waves, ICP increased (P = 0.001), CPP decreased (P = 0.001), ABP remained constant (P = 0.532), blood flow velocity decreased (P = 0.001). Calculated compliance of the arterial bed C a increased significantly (P = 0.001); compliance of the CSF space C i decreased (P = 0.001). We concluded that the method allows for continuous monitoring of relative changes in brain compartmental compliances. Plateau waves affect the balance between amplitude of pulsatile component of ABP (1st harmonic) AMP CaBV (ml) amplitude of the pulsatile component of CaBV (1st harmonic) C a (ml mmHg −1 ) compliance of the cerebral arterial bed C i (ml mmHg −1 ) compliance of the cerebrospinal system
Introduction
The monitoring of changes in cerebrovascular resistance induced by the manipulation of active tension of the walls in the cerebral arterioles (carbon dioxide, acetazolamide, arterial blood pressure, (Aaslid 2006) ) provides a means of assessing the cerebral blood flow control mechanisms. This is a clinically proven approach for use in stroke (Reinhard et al 2005) , cerebral small vessel disease (Markus 2008) , hydrocephalus (Czosnyka et al 2002) and head injury (Panerai et al 2004) .
So far, little is known about the reactivity of cerebrovascular compliance. Recent studies based on MRI investigations (Alperin et al 2005) or mathematical modeling (Narayanan et al 2008) suggest that this subject deserves more attention. The MRI-based method is very attractive: the measurement of volume arterial inflow, venous blood outflow and CSF movements potentially makes the method accurate (Alperin et al 2005 , Baledent et al 2006 . However, this approach can only give a 'snapshot' measurement of brain compliance, which is probably, like cerebrovascular resistance, a fast-changing parameter. At present, continuous monitoring of compliance using MRI is impossible.
This study aimed to develop a bedside method for continuous measurement of relative changes in cerebral compartmental compliances. Assessment of the relative changes in the cerebrovascular arterial compliance (C a ) and the cerebrospinal space compliance (C i ) is based on a relationship between pulsatile changes in arterial blood pressure (ABP), intracranial pressure (ICP) and the cerebral arterial blood volume (CaBV), which is derived from the blood flow velocity monitored by Transcranial Doppler ultrasonography (TCD). Changes in CaBV can be monitored by using a methodology derived from early work of Avezaat and Eijndhoven, who used electromagnetic flowmetry on the exposed common carotid artery in dogs (Avezaat and Van Eijndhoven 1984) . They studied similarities between the pulsatile blood flow and ICP pulse waveform. Transcranial Doppler flowmetry non-invasively allows a similar calculation of CaBV in a clinical environment, the difference being that TCD does not measure the volume of blood inflow but the arterial blood inflow velocity. Assuming that the crosssectional area of the large cerebral artery (MCA) remains constant (i.e., excluding cases with possible vasospasm), relative changes in compliance of the arterial bed (C a ) can be calculated as the changes in amplitude of the pulsatile component in CaBV divided by the amplitude of the arterial pressure pulse. Similarly, changes in the compliance of the cerebrospinal space (C i ) can be calculated as changes in the amplitude of the pulsatile component in CaBV divided by the amplitude of the intracranial pressure pulse.
The proposed method was described for traumatic brain injury patients with 'plateau waves' of ICP (Lundberg 1960 , Rosner and Becker 1984 , Czosnyka et al 1999b , who were monitored by using Transcranial Doppler (e.g., ICP and ABP). This scenario was chosen because the origin of plateau waves includes intrinsic cerebral vasodilatation, a rise in cerebral blood volume and a rise in ICP. According to the well-rehearsed model of 'vasodilatatory cascade', these changes are supposed to be associated with rapid increase in C a and, hypothetically, to a decrease in C i (Rosner and Becker 1984, Narayanan et al 2008) . According to the model (Rosner and Becker 1984) , an increase in C a is caused by vasodilatation of cerebral resistive vessels during a wave while a reduction of C i is associated with a decrease in cerebrospinal compensatory reserve, which results from a total increase in cerebral blood volume (Oktar et al 2006) .
Materials and methods
Ten patients were selected from a database of 187 TBI patients admitted to the Neurocritical Care Unit of Addenbrooke's Hospital between 1992 and 1998. The inclusion criteria were patients with closed head injury, good quality of monitored signals and the presence of plateau waves of ICP greater than 40 mmHg in the recordings. There were 2 women and 8 men; ages ranged from 19 to 38 years (mean age 28). The median Glasgow Coma Score (GCS) at admission was 6 (range from 3 to 9).
Four of the patients had diffuse axonal injuries and six had focal brain injuries. Of these 10 patients, seven had brain swelling and three presented with a midline shift. Although subarachnoid blood was found in two of the patients, no patients demonstrated a mean flow velocity above 120 cm s −1 (which would indicate possible vasospasm). The patients were paralyzed, sedated and ventilated. The ventilation was set to achieve either normocapnia or moderate hypocapnia. Decreases in ABP, which reduced CPP to below 60 mmHg, were managed with fluid loading and dopamine 2-15 μg kg −1 min −1 . If required, norepinephrine was also started at a rate of 0.5 μg kg −1 min −1 . If ICP rose above 20 mmHg, boluses of mannitol were administered (200 ml of 20%, over a period of 20 min or longer), and the ventilation volume was increased in order to achieve mild hypocapnia (PaCO 2 range 28 to 35 mmHg).
Daily assessment of cerebral autoregulation with TCD is a routine clinical practice in the Neurocritical Care Unit (NCCU), Addenbrooke's Hospital, Cambridge, UK. Individual consent was not required at the time of data recording (1992) (1993) (1994) (1995) (1996) (1997) (1998) . Data were analyzed retrospectively and anonymously as part of the clinical audit orchestrated through the NCCU Users Committee.
Monitoring
Intracranial pressure was continuously monitored using microtransducers (Camino Direct Pressure Monitor, Camino Laboratories, San Diego, CA, or Codman MicroSensor, Johnson & Figure 1 . Typical changes in ICP seen during plateau waves. Three distinguishable phases (e.g., baseline, plateau and recovery) can be identified in the wave as well as two transient phases (e.g., T 1 and T 2 ).
Johnson Professional, Rynham, MA), which were inserted intraparenchymally into the frontal region. Arterial blood pressure was monitored directly from the radial artery (System 8000, S&W Vickers Ltd, Sidcup, UK, or Solar 6000 System, Marquette, USA). The middle cerebral artery (MCA) was insonated daily on the side of the ICP bolt, for a period of 20 min-2 h and starting from the day of admission until day 3 following TBI, using the PCDop 842 Doppler Ultrasound Unit (Scimed, Bristol, UK) or Neuroguard (Medasonics, Fremona, CA). The depth of insonation was between 40 and 60 mm. Signals were recorded when respiratory parameters were stable and there was no physiotherapy, tracheal suction, or other disturbances.
A total of seventeen plateau waves (see figure 1 ) were recorded and analyzed. We assumed that a time gap greater than 12 h between recorded plateau waves allowed them to be treated as independent phenomena for statistical analysis.
Data acquisition
Analogue outputs from the pressure monitors and the TCD unit (maximal frequency envelope) were sampled and digitized by using the analogue-to-digital converter (DT 2814, Data Translation, Marlboro, USA) fitted into an IBM AT laptop computer (Amstrad ALT 386 SX, UK). Signal samples were recorded at 50 Hz sampling frequency by using custom software for waveform recording (WREC, W Zabolotny, Warsaw University of Technology). The data were then retrospectively analyzed by using ICM+ (Neurosurgery Unit, University of Cambridge, http://www.neurosurg.cam.ac.uk/icmplus) and Matlab (The MathWorks TM , Massachusetts) software.
Data analysis
The change in cerebral blood volume over one cardiac cycle can be calculated as an integral of the difference between arterial inflow and venous outflow (Avezaat and Van Eijndhoven 1984) :
where CBV(τ ) is the change in cerebral blood volume, CBFa(t) is the cerebral arterial blood flow, CBFv(t) is the cerebral venous blood outflow and all variables are expressed as functions of time (τ o denotes the beginning of one cardiac cycle).
The pulsatile flow of the arterial region (e.g., MCA) can be captured by the TCD and the sampled data can be used to analyze changes in CBV over a series of consecutive intervals (e.g., over a series of cardiac cycles). However, TCD measures flow velocity rather than flow and so the cross-sectional area of the insonated artery is needed to convert velocity to flow. This quantity cannot readily be dynamically measured by using standard TCD machines but it is often safe to assume (Avezaat and Van Eijndhoven 1984, Toth et al 2000) that the boundary remains constant. Thus, equation (1) can be approximated by
where m 1 is the first sample of the interval, n is the number of samples and t is the time interval between two consecutive samples, CBFva(t) is the cerebral arterial blood flow velocity, CBFvv(t) is the cerebral venous blood flow velocity, S a and S v are the cross-sectional areas of arteries and veins, respectively, at the flow measurement points. A further assumption was made that low-pulsatile venous outflow (CBFvv) can be approximated by a constant flow that is equal to the averaged arterial inflow (CBFva):
where, mean(CBFva) is a time-averaged cerebral arterial blood flow velocity. It is clear that the in and outflow curves are pulsatile with different waveforms during the cardiac cycle; otherwise, no volume change in cerebral blood and pulse pressure would occur. Given equation (3) (a constant and non-pulsatile venous outflow), the venous outflow can be substituted by the mean arterial inflow, which is computed by a moving time average. Thus, changes in cerebral blood volume can be calculated from the arterial inflow curve. Therefore, the change of cerebral blood volume becomes the pulsatile cerebral arterial blood volume, which can be expressed as
Matlab TM scripts were developed, implementing equation (4) where the cerebral blood flow velocity as a function of time index i (e.g., CBFva(i)) is transformed into the cerebral arterial blood volume as a function of time index n (e.g., CaBV(n)). An example of such calculations is given in figure 2 where ICP signal is also plotted.
Fourier transforms of CaBV, ABP and ICP allow the calculation of the amplitudes of the fundamental components (first harmonic) of the pulse waves in the respective signals. Compartmental compliances can then be evaluated according to the following definitions:
While compliance is a truly complex variable, as used in neurosurgical literature it is usually a dc measure. However, according to equation (1), only changes in cerebral blood volume can be monitored by using TCD. Therefore, we define compliance as the change in volume divided by the change in pressure, not the absolute volume divided by the absolute pressure. Moreover, there is evidence both that cerebral arterial compliance is a nonlinear function of arterial pressure (Kontos 1989) and that intracranial compliance is a nonlinear function of ICP. Therefore, such an incremental definition of compliance seems to be more appropriate. Thus, because of the relatively high noise of the maximal frequency shift envelope, in the TCD waveform analysis it is acceptable to use the first harmonics of the pulse waveforms Figure 2 . The relationship between pulse waveforms of ICP, blood flow velocity waveform (CBFva) and cerebral arterial blood volume (CaBV) before (upper) and during (lower) the plateau wave of ICP, as seen in figure 1. CaBV was expressed in ml, taking the average diameter of MCA (M1 section) as 3 mm (Serrador et al 2000) .
instead of the peak-to-peak values, as in the assessment of the critical closing pressure (Aaslid et al 2003) .
Due to the unknown cross-sectional area of the insonated vessels (S a ), the values of C a and C i cannot be calibrated in units of milliliters per mmHg. However, relative changes with time can be monitored (such as during plateau waves, changes in PaCO2 and in changes in arterial blood pressure expressed as a percentage of the baseline).
Plateau wave morphology
Plateau waves can be divided into three distinguishable phases (e.g. baseline, plateau and recovery) as well as into two transient phases (e.g., T 1 and T 2 ) as shown in figure 1. The first phase, baseline, occurs when the ICP increases or remains stable prior to the plateau itself. In this phase, the increase in ICP is usually caused by an initial vasodilatatory reaction to an initial decline in systemic blood pressure (Rosner and Becker 1984) . The second phase, plateau, occurs when the ICP becomes stable. This phase normally lasts for more than 5 min after the rapid increase of ICP in the region of T 1 and remains just above ischemic levels. (In the case of figure 1, CPP is about 40 mmHg at the beginning of the plateau phase.) The third phase, recovery, occurs when the ICP, following its initial rapid drop to values below the baseline, gradually increases and eventually stabilizes at the baseline level. The two transition phases T 1 and T 2 are characterized by rapid changes (either an increase or decrease) in the ICP. T 1 is due to the increase of CaBV (Risberg et al 1969 , Hayashi et al 1984 , Lundberg 1960 and T 2 is due to active vasoconstriction, which terminates the plateau.
Statistical analysis
Paired statistical tests were used to compare the mean values of three different phases of plateau waves (baseline, plateau and recovery). The Wilcoxon signed-rank method was applied because of the skewed distribution of variables. Two-sided P values are reported for all comparisons. All statistical analyses were performed by using the SPSS statistical software (SPSS Inc., Chicago, IL), and statistical significance was inferred at P < 0.05.
Results
Median values and the 25th and 75th percentiles of physiological and analytical parameters calculated from the 17 plateau waves that were recorded in the patients are given in table 1.
Each section of the plateau waves used for these calculations was at least 5 min long. During plateau waves, ICP significantly increased and CPP decreased while arterial pressure remained constant. A decrease in CPP is below the lower limit of autoregulation and, therefore, the cerebral blood flow velocity significantly decreased (p < 0.001) by more than 25%. Cerebral blood flow velocity during plateau waves became more pulsatile and, therefore, both the pulse amplitudes of CBFv and CaBV increased. The pulse amplitude of ICP increased dramatically (315%), while the pulse amplitude of the arterial pressure remained almost constant. The compliance of the arterial bed increased significantly (to 183.5%) and the compliance of the cerebrospinal space decreased (to 57.7% of baseline).
Continuous monitoring of primary and secondary variables is presented in figures 3 and 4, respectively. During a plateau wave, ICP increased, CPP decreased, arterial pressure remained nearly constant and CBFva decreased (figure 3). The pulse amplitude of ABP stayed nearly constant but the pulse amplitude of ICP increased and so did the pulse amplitude of CaBV. The compliance of the arterial bed (C a ) increased and the compliance of the cerebrospinal space C i decreased (figure 4).
Discussion
This study focused on the interaction between two compartmental compliances in a brain -C a and C i . The latter represents the combined interaction of the venous bed compliance and the compliance of CSF space (spinal subarachnoid) (Czosnyka et al 1999b) . At present, no hypothesis about the reactivity of brain compliance is unequivocally supported by clinical studies or experiments. Furthermore, a few hypotheses are still ambiguous. We proposed a new method for monitoring changes in cerebral compliance and verified it by using plateau waves in patients suffering from traumatic brain injury.
Our model is based on the mechanism of brain pulsatility that describes the physiological interactions of the intracranial compartments which undergo volumetric changes during the cardiac cycle. The intracranial system consists of three different compartments: vascular, CSF and parenchyma. The volume of the brain arterial blood changes during the cardiac cycle with expansion in systole and contraction in diastole. Assuming that the parenchymal compartment is nearly incompressible, the changes of volume of the intracranial space through the foramen magnum relate to the volume changes of the vasculature (venous pool) plus displacement of CSF down to the CSF spinal space. In this method, we do not account for the latter displacement but, rather, treat the whole cerebrospinal space as one homogenous system. We also assume that, due to blood volume distribution, arterial compliance is mainly associated with a network of small arteries and arterioles; the volumetric changes of large vessels are negligible (figure 5). These assumptions limit the accuracy of the method: all limitations will be discussed later, in detail.
During plateau waves, the mean cerebral blood flow decreases and, therefore, changes in CPP are so significant that the lower limit of autoregulation is clearly breached (Hayashi et al 1991 , Czosnyka et al 1999b . However, the vessels still retain some level of reactivity, which enables the vasodilatatory cascade (Rosner and Becker 1984) to reverse, even after small vasoconstrictive stimulus. Figure 5 . A schematic drawing of the mechanism of cerebrospinal volume changes. The three different compartments (e.g., vascular, parenchyma and CSF) constitute the total system volume. However, the brain parenchyma is almost incompressible to transient pressure changes. As a result, compliance of the brain volume is equivalent to the interaction of compliances between the vasculature and CSF. C b represents the compliance of blood in basal arteries, which is supposed to be small in comparison to the compliance of small arteries and arterioles C a . C i is the compliance of the CSF space, mainly associated with the compliance of the cerebral venous bed and the fluid compartment in the spinal space. In our model, the whole system surrounded by the dural sac is treated as one pressure-volume space.
We used recordings of plateau waves to test the performance of our proposed formulae. According to numerous modeling, experimental and clinical studies (Rosner and Becker 1984 , Hayashi et al 1991 , Risberg et al 1969 , Hayashi et al 1984 , the cerebral arterial compliance increases during plateau waves (because of a decrease in cerebral arterial tone) and the compliance of the CSF space decreases (because of an increase in cerebral blood volume).
Our results confirm such a relative inverse change in C a and C i . They also illustrate that both compartmental compliances can be continuously monitored from one heartbeat to the next. The time course of the C a and C i trends appears to reflect accurately the rapid character of the transient phases of the plateau waves. The results encourage application of the present methodology to other clinical scenarios, including cerebrovascular reactivity tests, drops in cerebral perfusion pressure, and cerebrospinal fluid dynamics test (Eklund et al 2007) .
The method creates a new signal from TCD-measured CBFv, called CaBV, which can be subjected to waveform analysis in a similar way to the originally recorded variables (as ABP, ICP and CBFv). The shape of the pulsatile component of CaBV appears to be similar to the shape of the pulse waveform of ICP (figure 2).
Limitations
Three important assumptions were made for formalizing the model:
• The cross-sectional area of basal cerebral vessels (e.g., vessels being insonated with TCD) stays constant during one heart cycle.
• The volume outflow of the venous blood is less pulsatile than the arterial blood inflow so that it is taken equal to the arterial inflow averaged over a longer period.
• The pulsatile blood pressure (fundamental harmonic) recorded from a peripheral artery is a good approximation of cerebral arterial blood pressure.
As a consequence of the unknown cross-sectional area of arterial vessels, neither arterial nor CSF compartmental compliances can be calibrated. Therefore, comparisons between patients are impossible. Only relative changes in C a and C i (i.e., during carbon dioxide reactivity testing) can be observed. For these reasons, phase-contrast MRI methods (Oktar et al 2006) are more accurate, if the spatial resolution of the MR image is high enough. On the other hand, the TCD-based method is cheaper as well as more suitable for continuous bedside monitoring. The Carotid Doppler volume flow ultrasound measurements that use new Doppler techniques (Narayanan et al 2008) or B-mode (Weskott 2000) mean that the quantification of C a will probably be possible.
Although cerebral vessels pulsate, the pulsatile change in blood volume contained in big arteries is much lower than in small arteries and arterioles (as the overall cross-sectional area of smaller vessels is much larger than basal arteries). Basal cerebral arteries contain approximately 4% of the total cerebral blood volume and 20%-25% of the arterial blood volume (from basal vessels to arterioles). Big cerebral vessels are less compliant than smaller arteries and arterioles. Therefore, the assumption of the constant cross-sectional area of insonated MCA should not introduce a significant error. The cross-sectional area of the anterior cerebral artery changes less than 15% with fluctuations of arterial pressure from 50-120 mmHg in cadaver studies (Toth et al 2000) (in vivo compliance is probably much lower because of the tension of the smooth muscles of arterial walls). This implies that the cross-sectional area of MCA varies less than 15%. The changes of the cross-sectional area of distal vessels, which relate to the compliance of the arterial bed, are undoubtedly much higher. In MR studies, no changes of the cross-sectional area of MCA were confirmed after administrating acetazolamide for arteriosclerotic patients. The limited spatial resolution of MR imaging (e.g., at 1.5 T) means that changes of less than 10% in area are difficult to measure, implying that the change of the area of the MCA was less than 10% (Schreiber et al 2000) . Considering the quadratic relationship between the radius and the cross-sectional area, a 10% increase in vessel diameter is equivalent to a 21% increase in the cross-sectional area (Schreiber et al 2000) . Assuming constant blood velocity, the change of cerebral blood flow is equivalent to the change of the cross-sectional area of the vessel. The literature concludes that the diameter of the vessel (e.g., the MCA) varies on average between 4% and 10% and depends on the method and test environments (Caekebeke et al 1992 , Kontos 1989 , Giller et al 1993 , Brooks et al 1989 , Serrador et al 2000 , Huber and Handa 1967 . A 10% fluctuation of the vessel diameter is related to less than 23% in the estimation of the cerebral blood flow. This fluctuation is a clinically acceptable error according to the law of Hagen-Poiseuille (Kontos 1989) . Consequently, the change of the cross-sectional area of MCA does not significantly affect the calculation of the relative change of compliance of the arterial bed distal from the insonated section of MCA.
The present method assumes both low pulsatility of the venous outflow and equilibrium between arterial inflow and venous outflow, though cerebral blood outflow is, in fact, pulsatile (Alperin et al 2005 , Stolz et al 1999 . However, during the plateau waves, a much longer time period has been considered compared to the time for a one-cardiac cycle. As a result, the equilibration between inflow and outflow is valid over longer periods and it is not necessary to take note of the details of the pulsatility of venous outflow for this study. To some extent, this can be compensated for by calculating the mean CBFv over a period much longer than one heartbeat (in practice over 20-30 s, which means that the average period includes several respiratory cycles and is usually more than 30 heartbeats).
The pulsation of cerebral arterial blood pressure may be poorly represented by pulsatility of the peripheral pressure. Instead, taking the first harmonic of peak-to-peak values probably minimizes this effect as a potential source of error. Indeed, in experimental setups, the femoral artery pulse peak-to-peak pressure is much lower than the carotid artery peak-to-peak pulse pressure, while the first harmonics of both pressures remain more similar (Czosnyka et al 1999a) .
Conclusion
Monitoring of the relative changes in the compliances of cerebral arteries and CSF space is possible by using the transformed blood flow velocity signal and pulsatile components of arterial and intracranial pressures.
Disclosure
Software for brain monitoring ICM+ (www.neurosurg.cam.ac.uk/icmplus) is licensed by University of Cambridge (Cambridge Enterprise). PS and MC have financial interest in a part of the licensing fee.
